To evaluate the usefulness of histopathology in aquatic toxicity testing, studies were carried out on the small freshwater fish Poecilia reticulata (guppy) following aqueous methyl mercury chloride exposure. Fish were exposed to concentrations of 0, 1.0, 1.8, 3.2, 5.6, or 10 &mu;g/L for 1 and 3 months. Histopathological changes included the occurrence of multiple granulomas in various tissues, in particular, the integument and orbit. These changes were accompanied by hyperplasia of monocytopoietic interrenal tissue, and hepatocellular change which was confirmed by morphometry. The latter findings were probably a result of monocyte "consumption" by granulomas, and hepatic synthesis of ("stress") proteins, respectively. The bile duct and, focally, the proximal intestine, showed hyperplasia of the epithelium. In the testis of sexually mature fish (3-month study), degeneration and necrosis of sperm occurred, with severe cases exhibiting Sertoli cell hypertrophy, interstitial inflammation, and absence of mature sperm. Epidermal mucous cells disappeared in the highest concentration used, and, after 3 months, clusters of undifferentiated basophilic cells were seen in the gas gland, which occasionally were suggestive of malignant growth. The changes in the kidney tubules were characterized by degeneration and necrosis of single cells which also showed mitotic figures. This is considered a result of the mitosis-disturbing activity of methyl mercury (MeHg). It is concluded that MeHg has effects on various target organs in guppies with the occurrence of granulomas as the most sensitive indicator, yielding a no-observed-effect concentration (NOEC) of 1.0 &mu;g/L. In contrast to mammalian species, no morphologic evidence for neurotoxicity was found.
INTRODUCTION
Toxicologic pathology in fish is a promising tool in the further development of the field of aquatic ecotoxicology, giving insight into target organs and mechanisms of toxicity. Moreover, it may be a useful alternative or supplement in established mammalian toxicology and carcinogenesis. As reference information, we have studied the histopathologic response of 2 small laboratory fish species Poecilia reticulata (guppy) and Oryzias latipes (Japanese medaka) to various environmental contaminants (40) (41) (42) (43) (44) (45) . In this paper, the results of the study with methyl mercury chloride in guppies are presented.
Methyl mercury (MeHg) is a notorious compound in the history of toxicology. It has caused epidemics in human populations after the consumption of contaminated fish and shellfish in the Minamata Bay region (1953) and Agano River (1965) in Japan (36) . Consequently, the neurologic condition caused by exposure to this chemical is referred to as &dquo;Minamata disease.&dquo; This neurotoxicity has, furthermore, been confirmed in laboratory animals such as the cat (3) and the rat (22, 37) . Accumulation of MeHg in the (aquatic) food chain occurs after methylation of inorganic mercury by microbial action (10, 11) . MeHg is also an industrial product and is used as a fungicide for grain. Human consumption of treated cereal seed grain has caused epidemics in Iraq, Pa- kistan, Guatemala, and Ghana (6) .
The occurrence and accumulation of MeHg in aquatic species has received much attention in the literature, not only as a potential source of mercury intoxication in humans because it is concentrated in fish muscle tissue, but also due to the potential toxic effects on aquatic species themselves. Reports on the histopathologic effects in fish are rather scarce and have been summarized by Meyers and Hendricks (16) . These include studies in catfish (12, 13) , rainbow trout (46, 47) , medaka (4, 5) , killifish (38) , and lisa (7) . These studies were often focused on effects on selected organs, and pointed towards the liver, gills, and kidney as the main target organs (12, 13, 46, 47) , and towards teratogenic effects on the eye and the cardiovascular system (4, 5, 38) . In the present study, series of whole body sections were used, which enables the study of all relevant organs.
METHODS
Guppies obtained from the Institute's breeding stock were exposed from 4 weeks of age in duplicate groups of 15 animals in 2-L tanks, sexes combined. Husbandry conditions have been described in detail previously (40, 42, 43) . The concentration range of methyl mercury chloride (MeHg) (Merck, 98%) was 0, 1.0, 1.8, 3.2, 5.6, and 10 AGIL. MeHg was dissolved in DMSO, yielding a maximal final concentration of 0.1 ml DMSO/L. In a static renewal (semi-static) test, medium was renewed every Monday, Wednesday, and Friday, at which time point the animals were inspected for abnormal behaviour or grossly visible changes. Analysis for MeHg indicated that the compound was stable for this experimental design. After 4 weeks of exposure, the fish were starved for 1 day, 5 per sex and group sampled, anesthetized in tricaine methane sulfonate (MS222, Sandoz, Basel, Switzerland), and fixed in Bouin's fixative for histology. After 3 months of continued exposure, the survivors were sampled according to the same procedure.
After fixation in Bouin's and automatic tissue processing, 5 animals per sex and group were embedded in a ventral position in toto in paraffin wax. At 10-15 levels of the tissue block, 3 serial 5 Am total body sections were cut, and the first section of each series was stained routinely with hematoxylin and eosin (H&E). The remaining sections were used for special staining when necessary. These stains included periodic acid-Schiff (PAS) for fungi, Alcian Blue-PAS for mucous cells, Gram for bacteria, Giemsa for protozoa, and Ziehl-Neelsen for acid-fast organisms. Staining methods were as described by Luna (15) . Some animals from the 5.6 ug/L group ( 1 month) were embedded in glycolmethacrylate, from which 2 Am sections were cut and stained with a modified H&E method (40) for high-magnification microscopy.
Morphometry was carried out on the livers of males exposed for 1 month, using a morphometric unit (Videoplan, Kontron, Ecking, FRG). Within a standardized area ( microscopic field, objective x 40 and containing approximately 70 hepatocellular nuclei), the mean area of the nucleus was measured for each specimen. Statistical analysis was performed using ANOVA after log transformation, and post-hoc testing (Student-t with residual mean squares) for group differences with the control group.
RESULTS

General Toxicologic Parameters
Effects included mortality, sluggish movements, and occasionally petechiation. In addition, in the 3-month study, deflection of the tail was observed. By day 76, mortality was 100% in the 10 Ag/L group. No-observed-effect concentrations (NOEC) based on classical parameters were 3.2 and 1.0 ¡.tg MeHg/L for the 1-and 3-month study, respectively. Due to the rapidly increasing mortality in the highest concentration group during the last experimental week of the 3-month study, the experiment was terminated a few days before schedule in order to preserve some specimens for histopathology.
Histopathology
After 1 month, histopathologic examination of all organs in situ revealed multiple granulomas (predominantly in the integument), hepatocellular changes, hyperplasia of bile duct epithelium, and epithelial swelling and single cell necrosis in the kidney tubules. In the 3-month study, the swim bladder and testis also appeared to be affected, and focal epithelial hyperplasia had occurred in the proximal intestinal mucosa. The lesions are described in de- tail below, and are listed in Tables I and II for the sexes combined, since no difference in distribution according to sex (except for testis) was noted Granulomas Granulomas were most prominent in the 1-month study and showed a concentration-effect relationship both for incidence (Table I ) and severity. The most commonly affected site was the dermis, especially in the abdominal region, with the lesion spreading into the epidermis or muscle tissue of the body wall (Figs. 1, 2 ). Another predilection site appeared to be the area of the orbit, especially in the chorioid vascular plexus (Fig. 3 ), optic nerve, sclera, and limbus. In severe cases, such lesions were found at other sites such as mesentery with adjacent viscera (e.g., spleen, swim bladder, and testis) ( Fig. 1 ), in the retroperitoneum, pharyngeal submucosa, or gills. In the 3-month-exposed fish (1.8 4g/L and higher), these lesions were less prominent and not clearly concentration-related. The granulomas consisted of clusters of rounded epitheloid or fusiform cells (histiocytes or macrophages) ( Fig. 2 ), sometimes in a concentric arrangement. They were fre-TABLE L-Incidence of histopathological findings in P. reticulata exposed to MeHg for 1 month.° Moderate: one or a few small superficial granulomas. Severe: multiple granulomas, several organs affected (see Fig. 1 ).
b See text. quently associated with small hemorrhages. Some nuclear debris could be found, apparently from lytic erythrocytes, but a necrotic core was not seen. In the periphery of the granulomas, there was diffuse spreading of macrophages into the surrounding loose connective tissue. Staining with Ziehl-Neelsen was negative for acid-fast bacilli, and also Gram, PAS and Giemsa staining were negative for other microorganisms.
Liver
Liver changes were seen in the higher concentration groups, and in particular, in those animals affected by granulomas. The hepatocytes in these animals contained swollen vesicular nuclei with prominent nucleoli (Fig. 4 ), indicative of increased cellular activity (such as protein synthesis). This was confirmed in males of the 1-month study by morphometric analysis, which showed a concentrationrelated increase in mean nuclear area, reaching statistical significance at 3.2 AGIL and higher (Table  III ). In addition, the cytoplasm demonstrated a more variegated staining with basophilic and eosinophilic areas, the latter with a granular or flocculent appearance. Occasionally, slight globular (fatty) vacuolization also occurred, with accompanying small aggregates of macrophages, especially around hepatic veins. These hepatocellular changes were less prominent in the 3-month study. However, in that study they were, at least in part, masked by developing hepatic sexual dimorphism caused by cyclical vitellogenin synthesis in females. During vitellogenesis, however, the basophilia is more commonly located in the periphery of the hepatocyte, with a vacuolated center. In fish exposed to 5.6 AGIL and higher, the epithelium of the main bile duct showed degeneration, hypertrophy, mitotic figures, and hyperpla- TABLE 11 . -Incidences of histopathological findings in P. reticulata exposed to MeHg for 3 months. sia ( Fig. 5 ), occasionally with a (histiocytic) inflammatory response in the adventitia. Also occasionally, focal hyperplasia of the proximal intestine was seen in the higher concentration groups in the 3-month study.
Kidney
Kidney changes included hyperplasia of the interstitial hemopoietic tissue (Fig. 6 ), predominantly consisting of large polygonal basophilic cells with prominent nuclei and many mitotic figures. This change was associated with the occurrence of granulomatous lesions, and the cell type involved was regarded as the histiocyte precursor.
In the 5.6 and 10 AGIL groups ( month), the epithelial cells of the proximal tubules were slightly hypertrophic, with activated nuclei. Many mitotic figures were seen, especially in the 10 lig/L group, whereas they were less frequent in the lower concentration treatments. Moreover, most mitotic cells contained a hyalinized, eosinophilic cytoplasm, and Fm. 1.-Low power view of P. reticulata exposed to 10 Ag MeHg/L for 1 month. Multiple granulomas can be distinguished in the body wall and abdominal organs (arrowheads). Testis with adjacent granuloma (arrow). H&E. Fm. 8.-Testis of a mature P. reticulata (3-month experiment) of a control (A, B) and 5.6 Ag MeHg/L exposed group (C, D). Several stages of sperm development can be distinguished in the control animal, with efferent and main ducts packed with spermatophora. In (B), note 1: spermatogonia; 2: spermatocytes; 3: spermatids; 4: sperm in spermatophore connected to Sertoli cells; 5: free spermatophore in efferent duct. In the exposed fish (C, D), only a limited number of developing acini is seen, while many, predominantly towards the center, contain debris. There is inflammation and fibrosis in the interstitium, while the main ducts appear small and empty (arrowheads in C). In (D), necrosis in the spermatids, inflammatory response in the interstitium, and swelling of the Sertoli cells (arrowheads) is seen, with signs suggestive of phagocytosis of the necrotic debris. H&E. (A, C) x 80 and (B, D) x 500. were located at the apical side of the epithelial layer and frequently also within the tubular lumen ( Fig.   7 ). It was concluded that these cells in mitosis were often degenerated or necrotic and were being expelled from the tubular epithelial configuration. Degeneration or regeneration (basophilia, hypercellularity) were not prominent features in the remaining tubular epithelium, whereas in basophilic juvenile tubules, normally present in young fish, these phenomena were not seen. In the 3-month-exposed guppies, these mitotic cells with degenerative features were found only occasionally in 3.2 gg/L and higher concentrations, and the kidney tubules were dilated and showed a slightly degenerated (atrophy, hydropic change, loss of brush border) epithelium.
Testis
In the 3-month study, the testis had reached sexual maturity in most animals. This organ, located in the caudal abdominal cavity, consists of 2 symmetrical lobes, each containing cysts (&dquo;acini&dquo;) surrounding efferent ducts which merge into the main sperm duct. In the acini, various stages of sperm development can be distinguished (Fig. 8A, B ). Once spermiogenesis is complete, the spermatogenetic units (cystic clusters of spermatozoa, &dquo;spermato-phora&dquo; or &dquo;spermatozeugmata&dquo;) are packed in the main ducts (Fig. 8A) (23) .
In most males exposed to 5.6 wg/L for 3 months, the efferent and main ducts did not contain spermatogenic cysts (Fig. 8C ), but the Sertoli cells were clearly swollen with activated nuclei, and inflammatory cells were present in the interstitium (Fig.  8D ). Inflammatory cells were identified as macrophages and eosinophilic granular cells. In the acini, degeneration and necrosis of the contents was seen (Fig. 8D ), which increased in extent and severity towards the efferent ducts. No necrotic material was observed in the main ducts. In the lower concentration groups, these changes were less prominent in that the degenerate sperm occurred focally in the testis or in an acinus. Sometimes only some local sperm disorientation had occurred, with a concomitant occurrence of apparently normal sperm cysts in the main duct. In less severe cases, interstitial inflammation was minimal or absent. In the 1-month-exposed guppies, the testis had a juvenile appearance in which normally focal necrosis is seen within an early spermatogenetic cyst, apparently a result of abortive spermatogenesis. However, in 1 animal of the 5.6 ¡.tg/L group a stage of complete spermatogenesis was reached, but without the degenerative sperm changes. Incidentally, an interstitial granulomatous reaction as described in a previous paragraph could be found in conjunction with other granulomas in the 10 ¡.tg/L group.
Gas Gland
The gas gland, situated at the cranial pole of the swim bladder, was affected occasionally in the 1-month-exposed guppies by a granulomatous process, as were some other internal organs. In the 3-month-exposed fish, however, foci of foamy cells (possibly lipid-laden epithelial cells or macrophages) were observed in the glandular tissue as well as islands of small basophilic epithelial cells. These basophilic cells were frequently located at the luminal side of the gland, showed activated nuclei with prominent nucleoli, occasional mitotic figures, and a high nuclear/cytoplasmic ratio. In analogy with other epithelia, we called these undifferentiated or basal cells &dquo;dark cells.&dquo; In one case, these dark cells constituted the major portion of the gland and were intermingled with the pre-existing eosinophilic gas gland cells. Moreover, there was clear atypia and disorientation of these cells, formation of tubuli, and even a local growth suggestive of invasion. This case was classified as dysplasia. Inflammatory cells were generally absent except for a few macrophages at the site of capsular invasion (Fig. 9 ). When reviewing the 1-month-exposed guppies, these dark cells were also present, though in relatively insignificant numbers.
Epidermis
The number of mucous cells in the epidermis seemed to be reduced in the high concentration groups. This was confirmed in Alcian Blue-PASstained sections. In the vicinity of granulomas, the epidermis (c.q. cornea) was slightly hyperplastic and/ or infiltrated with macrophages, or even ulcerated.
DISCUSSION
The toxicity of MeHg to guppies, as judged by the NOEC and mortality data, increased from the 1-month to the 3-month study, possibly due to accumulation of this compound. The rapid increase in mortality in the 12th experimental week encouraged us to terminate the experiment a few days before schedule. This increasing toxicity was not accompanied by an equivalent increase in histopathologic lesions, and these did not reveal unequivocally the cause of this mortality. In contrast to the well-documented neurotoxicity of MeHg in higher vertebrates (2, 3, 22, 37) , no direct evidence for neurotoxicity was found; declining of the tail as observed in some guppies might have been due to caudal paresis, but no pathomorphologic lesions in the nervous system could be demonstrated. Also, in studies with MeHg in rainbow trout, the nervous system appeared not to be affected (47) .
In the 1-month guppy study, the most impressive FIG. 9.-Swim bladder of P. reticulata exposed to 3.2 AGIL MeHg for 3 months. Note details (to the right of the inset) such as irregular cytomorphology and architecture of the gas gland with tubular growth pattern, and a local (invasive?) nodule with fibrosis of the tunica extema (arrow), surrounded by macrophages. H&E. x 200. Inset: Lower power (x 80) view showing lumen, wall (arrow), hyperplastic gas gland (arrowheads) and vascular stalk (asterisk). lesion was the occurrence of localized granulomas in a concentration-dependent manner, both in incidence and severity. These lesions were found mainly in the dermis, and had infiltrated both the muscle layers and the epidermis, but also occurred in the eye region and in the mesentery. The principal cell type involved in these processes is regarded as a macrophage. This cell has a round open nucleus and a varying cytoplasmic shape, from small and rounded or with fuzzy cell lining to elongated and spindle shaped, and was shown to have phagocytic properties (42) . A supportive indication for the nature of these cells was the association of the granulomas with hyperplasia of the hemopoietic tissue, especially of the monocytic series, apparently to supply this higher demand. There was no particular ingested material in these macrophages that could indicate a possible pathogenesis of these granulomas. It could be argued whether these granulomas were of infectious origin. Indeed, such granulomas are not uncommon in fish (pet), and e.g., immune suppression after MeHg exposure (27) , or skin alterations (this study) could increase the incidence of opportunistic infections. However, we did not find a similar composition of the granulomas or similar target sites as described for common bacterial, fungal, or protozoan lesions (28, 48) . Special stains (Ziehl-Neelsen, PAS, Giemsa, Gram) also did not indicate the presence of any common infectious organism. Regarding these data, as well as the similar observations in the separate range-finding ex-periment (data not shown), we conclude that the granulomas were a direct effect of MeHg exposure. The distribution of the granulomas does not point towards an irritating effect on superficial epithelia. Indeed, local florid processes were seen in the (sub)cutis, mainly of the lateral abdominal wall, but cornea, gills, and oral cavity were not the predilection sites, as was the case with established irritating compounds such as organotins (40) or methyl bromide (43) . Moreover, granulomas were frequently observed in internal organs remote from superficial epithelia. Indeed the composition of the epidermis was changed, as far as the number of mucous cells is concerned. This can be influenced by various (e.g., hormonal and environmental) factors (29) (30) (31) , but it is expected that chemical irritation would induce hyperplasia of mucous cells and acanthosis. In man, exfoliative dermatitis is reported occasionally after MeHg intoxication (6) , but it remains unclear whether this has a similar pathogenesis as the skin changes in fish. The orbit also appeared to be a peculiar area for the granulomas, apparently with the chorioid as the predilection site. The reason for this particular target tissue is unclear. Similar granulomas have been reported in internal organs of goldfish after prolonged cadmium exposure by repeated injection (34) .
In the 3-month study, these granulomas occurred without a clear concentration-response relationship. This may be attributed to the mortality in the 2 highest concentration groups that could have served to eliminate animals that were so-affected at 1 month but, because of the granulomatous lesions, did not survive until the 3-month sampling point. Regression of the granulomas seems less likely, as residual lesions, such as scars, were not found, whereas the putative causative agent (MeHg) was still present. The occurrence of dark cells in the gas gland and the occasional dysplasia after 3 months could be regarded as a residual or repair lesion after a granulomatous process. However, because of the absence of such changes in other organs, the absence of an inflammatory response and the histologic features suggestive for malignant growth, the possibility of a (pre)neoplastic lesion should be considered; this deserves further study. Indeed, a carcinogenic activity of MeHg has been demonstrated in mice ( 17) , though the increase in renal tumors seemed to be related to nephrotoxicity. The hepatocellular changes, consisting of nuclear activation and variegated staining with increased basophilia, occurred mainly in association with granulomatous disease, and suggests a higher level of protein synthesis. A similar change was also observed in a previous study with ~3-hexachlorocyclohexane, where increased vitellogenin synthesis was demonstrated, indicating an estrogenic action of that compound (40) . In the present study, however, the liver cytomorphology was less typical as during vitellogenesis, and also other features of this condition were not present. Attractive explanations could be an increased synthesis of acute phase proteins, of metal binding proteins (metallothioneins) or other &dquo;stress proteins&dquo; which are common after heavy metal exposure (8, 10) . Similar cytomorphological changes were seen in rat liver and kidney after exposure to cadmium (20, 21) . In the mummichog, however, exposure to mercuric chloride caused an increase in hepatocellular lipid rather than an induction of metallothioneins (39) . In the present study, lipid-type vacuoles were occasionally found in livers of the high concentration groups, but this was less consistent and typical than the basophilic change.
The reactive changes in the bile duct epithelium may be related to biliary excretion of mercurials and their enterohepatic circulation (2) , which may also explain the focally hyperplastic intestinal epithelium. Lesions in the bile duct system have also been reported in acute studies with channel catfish exposed to MeHg (12) . The cause of the imflammatory response in the bile duct system could be this local toxic effect, although a similar pathogenesis as for the granulomas at other sites cannot be excluded.
A characteristic change in the kidney was the presence of many mitotic figures in the tubular epithelium, whereas, mitoses in fully differentiated tubuli are otherwise highly exceptional in our material. Moreover, most mitotic figures were seen in degenerated and extruded cells. Such a finding suggests a mitotic arrest and subsequent cellular alteration. This is in line with the observation in rainbow trout in which numerous mitotic figures were seen in the gills and correlated with MeHg exposure but appeared not to be regenerative in nature (46) ; moreover, in the medaka, mitotic arrest has also been reported (4). A mitosis-disturbing effect of MeHg has been described in various organisms (46) , including man (24, 33) , and has been shown to be caused by a specific interaction of MeHg with polymerization of microtubules (18, 19) . This phenomenon could explain the degeneration of mitotic cells in the present study. In the 3-month-exposed fish, mitotic figures were not as frequent as in the 1-month study; a possible explanation could be the lower growth rate of these older fish. Epithelial swelling of the proximal tubules after 1 month and degeneration after 3 months are consistent with the effects described in catfish after exposure to different mercurial compounds (13) . Degenerative changes in kidney tubules after MeHg treatment were also found in the rat (37) , mouse (17) , and rainbow trout, but in the latter only after ip injection (47) . This degeneration probably reflects the mercury effect (35) after Hg accumulation in the tubular epithelium (1) . The possibility of regenerative nephroneogenesis, as described in goldfish after toxic damage (26) , was also considered as explanation for the observed mitotic figures. However, since mitoses in our study occurred in degenerated cells, since there was no increase in basophilic juvenile tubules and, since this phenomenen was not preceded by evident tubular epithelial degeneration, which did occur in a later stage, this possibility could be excluded.
The changes in the testes basically included a concentration-related degeneration and necrosis of sperm, the degree of which increased in the course of spermatogenesis. Hence, the changes were most prominent in the efferent (central) region of the testis. The debris in the lumen apparently was phagocytized by Sertoli cells lining the acini (9) , which showed hydropic swelling and activated nuclei, and which sometimes disappeared. In severe cases, peritubular inflammation and fibrosis had occurred, which could have been the result of diffusion or leakage of toxic products. In the animals after 1 month, as well as in those still having juvenile testis after 3 months, these testicular lesions were not found. This may indicate that the process of active spermatogenesis was essential for this effect, and that this effect probably occurs only after long-term accumulation. Similar effects have been described after cadmium exposure of several species (34) including guppy (32) .
In the avian testis, the association of this cadmiuminduced effect with spermatogenetic activity has also been reported (14) . With respect to this characteristic lesion, one could speculate that the mitosisdisturbing effect of MeHg might be the underlying mechanism in the testis, which is functionally highly dependent on unimpaired cell division. On the other hand, effects in mice included testicular atrophy (17), epididymal changes, and decreased sperm quality (25) .
